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Abstract

Spectral and transient emission measurements are made of radiation from products of laser

excitation of buckminsterfullerene (C60) vapor diluted in argon at 973 K. The principal

radiation is from the Swan band system of C2 and, at early times, also from a black body

continuum. The C2 radiation is observed only when C60 is excited by green (53:2 nm) and

not with IR (1064 nm) laser radiation at energy densities of about 1.5 J/cm 2. Transient

measurements indicate that there are two characteristic periods of decay of radiation. The

first period, lasting about 2 _ts, has a characteristic decay time of about 0.3 _s. The second

period, lasting at least 50 Its, has a characteristic decay time of about 5 _s. These

characteristic times are thought to be associated with cooling of C60 molecules or nano-

sized carbon particles during the early period; and with electronically excited C2 that is a

decomposition product of laser excited C60, Css .... molecules during the later period.

Introduction

It is speculated that fullerenes are possible precursors to the formation of single-

wall carbon nanotubes using the laser ablation process. J However, the existence of

fullerenes is difficult to show directly since in situ C60 molecules in the gas phase do not

have a characteristic visible emission spectrum. In the laser ablation process, the main

radiation observed is that of C2 Swan bands 2'3. Arepalli and Scott I observed that C2 Swan

band radiation persists for an unusually long period after the laser pulse. Its characteristic

decay time is on the order of 8 to 27 microseconds, while the natural lifetime of the

d_l-lg-state of Cz is only about 100 ns. Therefore, excited C2 must continue to be created
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afterthe initial laserpulse;andwhateverisproducingit musthavea longlifetime.In the

laserablationprocess,atargetof graphitecontainingafew percentof Ni andCo is

irradiatedby laserpulsesof 532nmand1064nm.These1.5-J/cmLlaserpulses,separated

byabout50ns,heatthesurfaceto severalthousanddegreesandcausethetargetto ablate.

Most of theablationproductisC3,but someC2,andpossiblysomeatomicC arealso

produced.Thelifetimeof C is veryshortandwithinafew tensof nanosecondsrecombines

to form highermolecularweightcarbonmolecules.Chemiluminescentdecayof C2formed

from recombinationof C wouldbeoververy fast- muchfasterthanis observedin the

Swanbandemissiondecay.Therefore,anotherexplanationof thepersistentC2radiation

mustbe found.

It hasbeenknownfor anumberof years4'5'6thattheC2moleculeisa dissociation

productof fullerenesexcitedby lasers.TheC6omoleculemayabsorbseveralphotonsof

UV or visiblelight, puttingit inahighlyvibrationallyexcitedstate.This stateisunstable

andresultsin decompositionintoC58andC2.Photodissociationof fullereneshasbeen

observedwith massspectrometrywhenC60andotherfullerenesareilluminatedwith high

intensitylaserlight4.A wholemanifoldof Camolecules(n<60)hasbeenobservedfrom

photofragmentationof C60.Further,C58mayabsorbphotonsanddecomposeinto smaller

cagemolecules,likewisebygivingupC2molecules.If theoriginalC60hadsufficient

excitationenergy,thentheC58mayalsobeexcitedsufficientlyto dissociateby ejectinga

C2andsoon. It wastacitlyassumedthattheformedC2wasin its groundstate.Fullerenes

havebeenfoundin abundancein theproductof laserablationof puregraphite7sandhas

beenfoundasan impurityin laserablationproductionof singlewall carbonnanotubes.

Thesefactsleadusto expectthat laserexcitationof fullerenesmayresultin theformation
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of electronically excited C2 molecules leading to Swan band emission. The objective of

this work, then, is to investigate C60 excitation by lasers and the possibility that

photodissociation of fullerenes produces C2 in electronically excited states.

Experiment

Measurements of the afterglow of C60 vapor were made in the same apparatus

used for making carbon nanotubes by the laser ablation process at NASA Johnson Space

Center. _ The laser ablation apparatus is similar to the one used at Rice University, 9 and is

described in detail elsewhere, to The modified apparatus used for the present experiments

is shown in Fig. 1. Laser beams are directed along the axis of a 56-mm diameter fused

quartz tube that rests inside a tube furnace. A small vial of C6o powder (99.9% pure,

FOMA International) was placed inside the tube near the observation ports, where the

graphite target is normally placed for nanotube production. However, during the C60

measurements, the target had been removed and its back-flange support was replaced by a

Brewster window to allow the laser pulse to escape the furnace without ablating anything

inside the tube. The beam was intercepted externally by an aluminum beam block located

approximately 1 meter from the end of the tube. See Fig. 1.

The current configuration uses two 10 Hz pulsed lasers (300 mJ/pulse and 5.0 mm

in beam diameter), one operating at 532 nm (green), followed 50 ns later by the second

one operating at 1064 nm (IR). Light emitted from the irradiated vapor is transferred via

an optical fiber to a Spex 270M spectrograph with a gateable ICCD detector. The light is

dispersed by a 300-1ine/mm grating blazed at 500 nm. All the spectra are intensity

calibrated using a standard tungsten lamp with NIST traceable calibration. Time averaged

spectra are collected with various gate widths and at different delay times after the laser

pulse.



Transientspectraldatais collectedbyaphotomultipliertube (PMT) connectedto

a transient digitizer having a 10 ns channel width. A 1-mm diameter region is focused on

the PMT using a lens and pinhole. An IR blocking filter (KG-5) was used for all

measurements. In addition, a notch filter (to remove the 532-nm laser line) and an

interference filter centered at 510 nm with 10 nm bandpass were used for some

measurements to select the Av=0 peak in the Swan band emission.

Results and Discussion

A number of sets of transient and spectral measurements of radiation emitted from

the laser-irradiated zone of the mixture of argon and C60 vapor were made at various

conditions of oven temperature and background pressure. The partial pressure of C6o is

determined by the oven temperature. The quartz tube was evacuated to a pressure of

about one Pascal and flushed with argon before maintaining an argon flow of 100 sccm at

a pressure of 66.7 kPa. The oven is then heated slowly to 973 K, thus vaporizing some C6o

from the vial. From a figure in Ref. 11, at 973 K the vapor pressure of C60 is estimated to

be about 50 Pa and its density is approximately 1015 cm 3, assuming the vapor is in

equilibrium with the solid phase. Therefore, the maximum concentration of C6o is

somewhat less than one part per thousand.

Radiation Measurements

A 1-mm diameter zone of laser irradiated C60 vapor at the center of the flow tube is

imaged (1: I) on the sensitive surface of a photomultiplier tube. The output of the PMT is

processed by a Le Croy transient digitizer with 10 ns bin width and recorded using

"Catalysis" software. One thousand scans are averaged. A small zero offset is subtracted

before the data is plotted and analyzed. Time zero is taken as the laser Q-switch trigger.

As seen in Fig. 2 emission from the zone peaks very rapidly, sometimes saturating the
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PMT circuitry at the peak. The emission decreases rapidly for about 2 Its, followed by a

slower falloff lasting beyond 20 Its. The bumps noted in the early part of the decay are

absent with the 510 nm filter which transmits the Av=0 band of C2 Swan system. During

early times, the C2 has shows a decay time of about 300 ns (compared to a radiative

lifetime of 100 ns for C2 Swan bands). At the later times beyond 3 his, the decay time is

much longer, on the order of 5 l.ts. The decay time results are summarized in Table 1. Tile

differences in decay time for the full spectrum (no filter) with temperature are probably

real, but it is difficult to say what the trend is. Obviously, at higher temperatures there

should be much more C60 in the laser path due to its higher vapor pressure. Also, its

internal energy is larger, making it somewhat easier to dissociate.

If the decay of C2 Swan bands is a measure of dissociation fi'om fullerenes then our

decay time of 0.5 Its is about four times shorter than the decay time of C60 excited with 15

mJ/cm 2 at 193 nm observed by O'Brien, et al. 4 (30 Its). Their condition is quite different

from ours, where our fluence is 100 times higher, and the exciting photon energies are 2.8

and 5.5 times lower. Apparently, the net effect in our experiment is greater excitation of

C6o.

Spectral details of the radiation zone are recorded by collecting emission from a

zone of about 5 mm in diameter using the fiber optic assembly located on the other side of

the oven (Fig. 1). The spectrum is very weak and we used 500-itm input slit width. The

resultant emission is similar to that obtained from the graphite target ablation during

carbon nanotube production (Ref.1) and mostly contains C2 swan bands. The spectral

features at 355 and 395 nm are from the aluminum plasma from the beam block. Scattered

laser radiation at 532 nm is also seen. The dependence of spectral features on the laser

wavelength is noted in Fig. 3, which clearly shows the major role of 532 nm laser beam in
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theproductionof C2from C6o.Whenonly theIR laser(1064nm) irradiatestheC60vapor

noSwanbandemissionisseen.With onlythegreenlaser(532nm)Swanbandemissionis

seen;but with theIR laserfollowingthegreenby50 nstheemissionis increasedabout

50%, indicatingthat IR maycontributeto excitationof C6oor daughtermolecules.

Anotherpossibilityis that theIR beamcontributesto vaporizingparticlesandfreeingup

fullerenesto beexcitedbynextpulseof thegreenlaser100mslater.

Therecordedspectraat differentdelaytimes(0.5, 1, 10,50 Itsec)from thelaser

triggerareshowninFig. 4. Thechangesin relativeintensitywith timeseemto indicate

increasingvibrationaltemperatures.Estimatesof thetemperatureweredeterminedfrom

comparisonsof normalizedmeasuredspectrawith calculatedspectraat various

temperatures.The"best" visualfit yieldedtemperaturesgivenin Table2. It shouldbe

notedthatthesetemperatureestimatesassumethatthepopulationof vibrationalstatesis

in aBoltzmanndistribution.Sincewedid not havethespectralresolutionto doa

Boltzmannplot wemustinterpretthetemperatureloosely.Theintensityof theC2

spectrumseemsto decreasebytwo ordersof magnitudewithin 50 Its.On theotherhand,

in thetransientdataof Fig. 2, onecannotea decreaseof threeordersof magnitude.

However,thespatialresolutionfor thetransientstudyis 1mm;whereas,it is about5 mm

for thefiberopticdatacollectionwhichprobablyaveragestheoveralleffectin the

radiationzone.

At theearliestmeasuredtime(500nsdelay)thespectrumhasa significant

continuumcomponentunderlyingtheC2spectrum.It is apparentthat thesourceof the

continuumcoolsveryrapidly,or atleastits intensitydecreasedto negligiblevalues.The

continuumcouldbefrom carbonparticles,includingpossiblyfullerenes.To estimatethe

meantemperatureof theparticlesduringtheearlytimeof 0.5-1.0Itswecompared
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measuredspectraandcalculatedblackbodyspectrafor severaltemperatures as shown in

Fig. 5. The blackbody temperature that best matched the measurement is 3600 +200 K,

which is higher than the C2 vibrational temperature of 2000 +_200 K estimated from the

Swan bands. Since the intensity decays very rapidly then average temperatures are

weighted toward early times. Highly excited fullerene molecules may be at a temperature

equivalent to several thousand degrees. 6 According to figure 12 of Reference 6 a

characteristic temperature of 3600 K would represent an internal energy of C6o of about

30 eV compared to 2.33 eV photon energy of the 532 nm beam.

To estimate the efficiency of the production of C2" by laser excitation of C6o we

can calculate the number of photons emitted per pulse from C2". For the condition at

which laser pulsed from both lasers (532 and 1064 nm) are fired, each having an energy of

0.3 J/pulse we can determine the number of photons emitted per unit volume per pulse

based on an absolute calibration of the optical systems. The calibration is approximate

because it is difficult to account for soot coatings on the surfaces of the quartz tubes. The

intensity is measured and the diameter of the laser beams is taken to be equal to the length

of the radiating volume L = 5 mm. The power per unit wavelength radiated from the

volume is '2

P = rtE /L (1)

is the emission coefficient (equal to intensity) in W/cm2/nrn/sr. The number ofwhere E

photons radiated per unit wavelength and volume is

P/hv = PMhc = nEk/(hcL) (2)

If we integrate this over wavelength and time, we obtain the total number of photons per

pulse of about 10 '3 cm -3. This is about two orders of magnitude lower that the maximum

number of C60 molecules in the volume. Hence, the efficiency of producing Ca* is at least

7



1%andprobablygreatersincethenumberdensityof C6o may be lower than assumed from

its vapor pressure. We can compare this with the number of laser photons available for

exciting C6o. The laser energy per pulse of 0.3 J represents an average fluence F = 1.53

J/cm 2 over the beam diameter. The fluence of 532 nm photons (energy 2.33 eV) is then

Fn = F/hv = 4 x 1018 crn -2 (3)

The cross section for excitation cs is assumed 6 from that given for excitation by 5.6 eV

(221 rim) photons to be 10 "16 cm 2. (It could be lower by an order of magnitude for 532 nm

excitation. We get the number of excitations collisions per pulse to be _Fn = 400 per

molecule of C60. There is quite a bit of disagreement about the energy required to eject a

C2 from C60. However, if we assume a value of 11.6 eV _3, plus a mean excitation energy

of 3 eV to excite the C2 to the d31-Ig state, we would require only 6.3 photons of 532 nm

light. Even if the energy required to eject a C2 from C60 is as high as the 20 eV

proposed in Ref. 4, the required number of photons would be only 10. Therefore, we have

an ample number of laser photons to excite C60 and its daughters sufficiently to eject C2 in

electronically excited states. A high level of excitation would lead to temperatures at least

as high as measured from the continuum radiation at early times. However, the decay time

implied by C2 emission is not consistent with a relaxation of the internal degrees of

freedom represented by the blackbody emission which decays faster.

Conclusions

Vapor of the fullerene C60 at 793 K was irradiated by two laser pulses operated at a

fluence of about 1.5 J/cm 2 per pulse. Measurements were made of the emission from the

region to obtain transient decay of wide and narrow spectral bands. Spectra covering

about 400 to 675 nm were also measured in the region. The main radiation observed was

C2 Swan bands and briefly a black body continuum. The major findings are"
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1. Excitationof C6ovaporby laserradiationproducesexcitedC2moleculesthat canbe

seenin longlastingSwanbandemissionspectra.

2. Thedecayof theC2SwanbandAv=0emissionproducedby laserirradiationof C60

(about 5 Its) is faster than that seen in nanotube production by the laser ablation

process (about 12 to 30 Its). However, it is much longer than the radiative decay

lifetime of the C2 d3Hg-state. It is likely that the decay time depends on the total

energy absorbed by the fullerene molecules. The greater the energy, the shorter the

decay time.

3. Blackbody emission is seen at very early times, but disappears rapidly. The decay time

of the early black body spectra is about 300 ns. The blackbody temperature appears to

be about 3600 K at about 0.5 Its after the laser pulses.

4. Swan band spectra indicate that the C2 temperature increases from about 2000 K to

about 3500 K from 0.5 Its to 50 Its after the laser pulses.
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Figure Captions

Fig. 1Schematicof experimentalconfigurationfor laserirradiationof C6oinsidethe

carbonnanotubeproductionsetup.

Fig. 2 Transientspectraof irradiatedregionat773,873and973K.

Fig. 3 Comparisonof spectrawith differentlasers.Thespectralfeaturesat 355and395

nmarefrom aluminumplasmafromthebeamblock.Scattered532-nmisalsoseen.

Fig. 4 Spectraacquiredat delaytimesof 0.5, 1, 10,and50 ItS,showingC2Swanband

peaksat all delaytimes.Note theincreasingbackgroundcontinuumwith increasing

wavelengthsuggestiveof blackbody-typeradiation.

Fig.5 Spectrumacquiredat adelaytimeof 0.5 _tsanda gatewidth of with blackbody
backgroundcomparedwithcalculatednormalizedblackbodyspectraat several
temperatures.
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Table1Summaryof radiationdecaytimesfrom laserirradiatedC6o

Filter Oven Time
Temp,K Interval,

_ts
None 500 4.0 to

21.5
None 600 4.0to

21.5
None 700

510 700

5.2to
21.6
4.5 to
17.5

Decay
Time,_ts

4.8

6.7

6.4

4.6

Dominant
Radiation

C2 Swan

C2 Swan

C2 Swan

C2 Swan

Time

Interval,

_s
0.7 to

1.7

0.7 to

1.7

0.56 to

1.86

0.66 to

2.12

Decay

Time,

_ts
0.303

0.278

0.452

0.296

Dominant

Radiation

Black

body
Black

body
Black

body
Black

body

Table 2 Estimated temperature of C2 Swan band radiation at various delay times.

Time, _s
0.5

1.0

10

50

Temperature, K

2000 + 200

3000 + 400

3000 + 400

3500 + 500
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